Streptococcus mutans is the primary causative agent of human dental caries, a ubiquitous infectious disease for which effective treatment strategies remain elusive. We investigated a 25-kDa SloR metalloregulatory protein in this oral pathogen, along with its target genes that contribute to cariogenesis. Previous studies have demonstrated manganese-and SloR-dependent repression of the sloABCR metal ion transport operon in S. mutans. In the present study, we demonstrate that S. mutans coordinates this repression with that of certain virulence attributes. Specifically, we noted virulence gene repression in a manganese-containing medium when SloR binds to promoter-proximal sequence palindromes on the S. mutans chromosome. We applied a genomewide approach to elucidate the sequences to which SloR binds and to reveal additional "class I" genes that are subject to SloR-and manganese-dependent repression. These analyses identified 204 S. mutans genes that are preceded by one or more conserved palindromic SloR recognition elements (SREs). We cross-referenced these genes with those that we had identified previously as SloR and/or manganese modulated in microarray and real-time quantitative reverse transcription-PCR (qRT-PCR) experiments. From this analysis, we identified a number of S. mutans virulence genes that are subject to transcriptional upregulation by SloR and noted that such "class II"-type regulation is dependent on direct SloR binding to promoter-distal SREs. These observations are consistent with a bifunctional role for the SloR metalloregulator and implicate it as a target for the development of therapies aimed at alleviating S. mutans-induced caries formation.
Streptococcus mutans is a known colonizer of the tooth surface and primary etiologic agent of dental caries in humans (2) , although it can also be associated with systemic infections that culminate in valvular endocarditis (33) . Despite advances in water fluoridation, hygiene, and access to professional dental care in the United States, poor oral health prevails, particularly in communities of low socioeconomic status. Americans spend up to $102 billion on dental services each year, which is more than is spent on cancer, asthma, mental disorders, or trauma (5, 20) .
The development of dental caries is dependent, in part, on the accumulation of plaque at the tooth surface, which creates a microenvironment suitable for fermentative metabolism. There are an estimated 600 different species of bacteria present in the human oral cavity (31) , with S. mutans cited as the most cariogenic, owing to its acidogenicity (the ability to produce acid) and aciduricity (the ability to withstand acid) (13, 29) . Specifically, S. mutans-induced cariogenesis is the result of lactic acid accumulation at the tooth surface, the product of fermentative metabolism of sugars consumed in the diet. Lactic acid, in turn, demineralizes the tooth enamel to initiate decay, which can progress into the underlying dentine and penetrate the tooth pulp (33, 36) . The discomfort associated with active caries and the serious health risks posed by S. mutans once it accesses the bloodstream underscore the importance of continued research aimed at alleviating S. mutansinduced disease.
Divalent metal ions, such as iron and manganese, are required for the growth and survival of nearly all microorganisms, including S. mutans (25) . Early reports in the literature reveal correlations between drinking water with elevated manganese content and high caries incidence (6) . Consistent with this finding is the reported association of manganese in tooth enamel with increased caries frequency (7) . More-recent reports propose a role for divalent metal ions in S. mutans sucrose-dependent adherence that is mediated by glucosyltransferases (14) . In addition, manganese functions as a necessary cofactor for streptococcal enzymes during lactic acid fermentation (14) and for superoxide dismutase (SOD), which serves as a catalyst for the conversion of toxic superoxide radicals into less harmful by-products. High concentrations of free Mn 2ϩ can also provide direct protection against radical oxygen species (ROS) (24) and so further promote aerotolerance in the oral streptococci (2, 4, 30) .
Metal ion homeostasis in bacteria is maintained primarily via the regulation of membrane-associated transporters. Previous studies focused on mechanisms of iron homeostasis and the numerous problems posed by the accumulation of this transition metal in vivo. For instance, ferric iron (Fe 3ϩ ) in the mammalian host can promote the production of ROS by Fenton chemistry (23, 34) ; hence, iron is tightly sequestered to host proteins, such as transferrin and lactoferrin, making the concentration of iron available to invading microbes (10 Ϫ12 M) too low to support microbial growth and persistence (40, 45) . Consequently, bacterial pathogens have evolved specialized mechanisms to rob iron from host proteins, and so they maintain homeostasis by tightly regulating membrane transporters that bind iron for uptake.
Manganese uptake and utilization pose fewer challenges for invading microbes, since manganese is highly soluble and does not catalyze Fenton-type reactions (17) . In fact, some bacterial pathogens preferentially accommodate manganese in lieu of iron, presumably to circumvent the toxicity effects associated with Fe utilization (4, 8, 22, 25, 30) . Manganese functions as an essential cofactor for numerous bacterial metalloenzymes, including those that mediate photosynthesis, gluconeogenesis, glycolysis, sugar and amino acid metabolism, peptide cleavage, nucleic acid degradation, and signal transduction (25) .
Like that of iron, manganese homeostasis is tightly controlled at the site of the bacterial membrane. Among the different families of manganese transport proteins that work to bring manganese into microbial cells are the ATP-binding cassette transporters (ABC transporters) that are controlled at the level of transcription and regulated in response to both intra-and extracellular concentrations of metal ions. Metal ion sensing in S. mutans is mediated by a SloR metalloregulatory protein that can bind Mn 2ϩ or Fe 2ϩ to modulate gene expression. SloR homologs in other microorganisms are similarly responsive to these metal cations and share a mechanism for regulating their permeases. Specifically, MntR in Bacillus subtilis, IdeR in Mycobacterium tuberculosis, ScaR in Streptococcus gordonii, and SloR (Dlg) in S. mutans bind to promoter sequences that precede the ABC transporter operon when either Mn 2ϩ or Fe 2ϩ is plentiful and so prevent transcription of the metal ion permease (26, 27, 28, 35) . At lower metal ion concentrations, the metalloregulator dissociates from the promoter region so that expression of the permease is derepressed and metal ion scavenging can ensue. We hypothesize that such S. mutans gene regulation functions to coordinate the expression of essential Mn 2ϩ and/or Fe 2ϩ transporters with that of its virulence traits, particularly during extended periods of metal ion limitation that prevail in the plaque environment between meal times.
Metal ion accumulation in dental plaque lies at the very interface of the host pathogen interaction. In the present study, we propose an important role for SloR and its Mn 2ϩ cofactor in S. mutans virulence gene expression. To address this, we pursued global genomic profiling to reveal S. mutans genes that are subject to SloR/Mn 2ϩ control. Microarrays were used to examine the 1,960 genes present in the S. mutans genome and to reveal the Mn 2ϩ and SloR regulons. An in silico analysis of the S. mutans UA159 genome was then conducted to identify the SloR recognition elements (SREs) that localize upstream of genes belonging to the manganese and/or SloR regulons. Taken together, our findings support manganese-and SloRdependent, differential gene expression for a multitude of S. mutans virulence genes, many of which harbor a recognizable SRE in their promoter-proximal and/or -distal regions (see Table 2 ). The continued characterization of this "SloR metalloregulome" in S. mutans can improve our understanding of gene regulation in this important oral cariogen and elucidate potential new targets for anticaries therapy and/or prevention.
MATERIALS AND METHODS
Bacterial strains and primers. The bacterial strains used in this study (Table  1) include S. mutans UA159 (serotype c) and a UA159-derived SloR-deficient mutant, GMS584, that was constructed previously in our laboratory (35) . All DNA primers were designed using MacVector 7.2 software and purchased from Sigma-Genosys (Table 1) .
In silico analysis. Nucleotide sequences preceding the S. mutans sloABC, comD and -E, spaP, sod, ropA, and gcrR genes, shown previously to bind SloR in gel mobility shift experiments (19, 35) , were submitted to MEME (12) in search of a conserved motif for SloR binding. Previous work performed by Kitten and coworkers revealed a 22-bp interrupted palindrome in the promoter region of the S. mutans sloABCR operon that shares significant nucleotide sequence identity with the DtxR binding sequence in Corynebacterium diphtheria (27) . We therefore set the MEME algorithm to identify S. mutans motifs of 22 bp in length with "sequence is a palindrome" mandated and used this as an input to search the first 300 bp of sequence preceding the sloABC, comD and -E, spaP, sod, ropA, and gcrR genes. The resulting motif that derived from this analysis was used to generate a 4-by-22 position-specific scoring matrix (PSSM). This matrix was then used to search all intergenic regions (IGRs) in the S. mutans UA159 genome for significantly similar motifs with the PROMSCAN (42) and MAST (11) software packages. To calculate nucleotide position frequencies within the SRE motif, we applied the outputs of the PROMSCAN and MAST SRE search to a "make_matrix" PERL script (http://www.promscan.uklinux.net/software.html). Each significant hit was manually located using the Oralgen servers (available at http://oralgen.lanl.gov/), and its distance from the ATG initiation codon of any downstream gene was recorded.
S. mutans high-density microarrays. The complete sequence of the S. mutans UA159 genome is composed of 2,030,936 bp and contains 1,963 open reading frames (2) . Custom high-density microarrays for S. mutans UA159 were designed by NimbleGen and purchased from Affymetrix (Santa Clara, CA) as a NimbleExpress array. The S. mutans arrays contained 190,000 single-stranded probes (25-mers) for interrogation of 1,960 genes and 920 intergenic regions. The controls included a B2 oligonucleotide used for grid alignment and lys, phe, thr, and dap genes as RNA spike-in controls to provide quality control data on synthesis and hybridization efficiencies as well as to estimate assay sensitivity.
Target preparation, hybridization, and GeneChip processing. Target preparation, hybridization, washing, staining, and array scanning were performed according to the prokaryotic protocols in the Affymetrix GeneChip expression analysis technical manual by the University of Vermont's Microarray Core Facility. Ten micrograms of total RNA was isolated from S. mutans UA159 cells grown to mid-logarithmic phase (optical density at 600 nm [OD 600 ], ϳ0.5) in a semidefined medium (SDM) containing 0.1 M or 10.0 M Mn 2ϩ and from UA159 and GMS584 cells grown as described above in a conventional manganese-containing SDM. The final metal ion content of these media was confirmed by inductively coupled argon plasma (ICP) analysis. Intact RNAs deriving from two independent experiments were assessed for quality with an Agilent 2100 Bioanalyzer and reverse transcribed into single-stranded cDNA by using random primers (Invitrogen Life Technologies), followed by controlled cDNA fragmentation with DNase I. The resulting fragments were 3Ј end labeled with biotin by using terminal transferase and GeneChip DNA labeling reagent (Affymetrix). After confirmation of Ͼ80% biotin labeling in a gel shift assay, the labeled product was prepared as a hybridization cocktail according to the Affymetrix technical manual and hybridized to the S. mutans GeneChip for 16 h at 45°C with rotation at 60 rpm in an Affymetrix model 320 hybridization system. Immediately following hybridization, the arrays were washed and stained with streptavidinphycoerythrin (SAPE) with an automated Affymetrix GeneChip fluidics 450 station, followed by scanning with an Affymetrix GeneChip GS3000 scanner.
Microarray data analysis. Analysis was performed using tools made available through the Bioconductor Project (http://www.biocondutor.org/). Probe-set expression statistics, referred to here as RMA, were calculated from probe intensities (CEL files) by using the Affymetrix package and the background correction method of Speed (41) , the qspline normalization method of Workman et al. (44) , and the median polish summary statistic. Paired differences in RMA expression statistics were averaged prior to calculation of the log 2 fold change. Differential expression levels of operons between paired samples were evaluated using a t test with paired-probe-set-expression statistics. The assignment of probe sets to operons was guided by the correlation coefficients of adjacent probe set expression patterns across 17 arrays.
Validating the microarray platform with quantitative reverse transcription-PCR (qRT-PCR). Total RNA was isolated using a modified version of the protocol of Chen et al. (16) . Briefly, 10 ml of S. mutans UA159 and GMS584 cells grown to mid-log phase (OD 600 , 0.5 Ϯ 0.05) was harvested and then treated with RNAprotect (Qiagen) according to the instructions provided by the supplier. The cell pellet was resuspended in 250 l of a 50 mM Tris-10 mM EDTA buffer before addition of 5 l of 20% SDS, 300 l of acid phenol, and 250 l of glass beads. The solution was then subjected to two rounds of mechanical disruption (30 s each) in a Bio 101 FastPrep machine (MP Biomedicals, OH) and in the presence of zirconium beads prior to centrifugation at 18,000 ϫ g in a Micromax refrigerated microcentrifuge (Thermo Electron Corp., Milford, MA) for 10 min. Two hundred microliters of the supernatant was purified and DNase treated on an RNeasy column (Qiagen) according to the manufacturer's instructions. The resulting intact RNA was reverse transcribed using a first-strand cDNA synthesis kit (MBI Fermentas, Ontario, CA) according to the instructions included with the kit. Reaction mixtures containing no RNA template (NTC) or no reverse transcriptase (RT Ϫ ) served as controls. The cDNA products (diluted 1.5:100) were used as a template for PCR amplification, along with 150 nM primers ( Table 1) . Amplification in real time proceeded in a Cepheid SmartCycler II (Sunnyvale, CA), with SYBR green I as the intercalating dye (Invitrogen, Carlsbad, CA). RT Ϫ controls were run in parallel with the same primer sets to confirm the absence of contaminating chromosomal DNA in the samples. PCR cycling was set as follows: 95°C for 15 min, followed by 40 cycles of 94°C for 15 s, primer annealing at the optimal temperature for 30 s (Table 1) , and primer extension at 72°C for 30 s. Gene expression was standardized relative to the expression of an hk11 endogenous control gene, which we determined does not change in either UA159 or GMS584 when grown under the experimental test conditions. Standard curves were generated for each test gene with a UA159 chromosomal DNA dilution series as a template and gene-specific primer sets, so that DNA copy number could be calculated. Threshold cycle (C T ) values were assigned a cycle number at which the second derivative of the fluorescence curve was at its maximum.
EMSA. Primers were designed to generate amplicons ranging in size from 155 to 317 bp for use in electrophoretic mobility shift assays (EMSA) ( Table 1 ). The PCR products were purified using a QIAquick PCR purification kit (Qiagen) according to the manufacturer's instructions and end labeled with 10 U T 4 polynucleotide kinase (New England Biolabs, Ipswich, MA) and 10 Ci (370 kBq) [␥- (19) , and 3.2 l of a freshly made 5ϫ binding buffer (42 mM NaH 2 PO 4 , 58 mM Na 2 HPO 4 , 250 mM NaCl, 25 mM MgCl 2 , 50 g/ml of bovine serum albumin, 1 mg sonicated salmon sperm DNA, 50% [vol/vol] 100% glycerol, and 625 M MnCl 2 ). EDTA was added at a final concentration of 1.5 mM to select samples to determine the metal ion dependency of SloR binding. To rescue a band shift that was compromised by EDTA, additional MnCl 2 (0.32 l of a fresh 100 mM stock) was added, bringing the final concentration of MnCl 2 to 2.1 mM. Reaction mixtures were mixed gently by vortexing and allowed to stand at room temperature for 20 min before they were loaded onto a 6% nondenaturing polyacrylamide gel (3 ml 20ϫ bis-Tris borate (pH 7.4), 74 l 100 mM MnCl 2 , 1.5 ml 100% glycerol, 12 ml 30% acrylamide (37.5:1 acrylamide-bis), 300 l 15% ammonium persulfate (APS), and 90 l TEMED [N,N,NЈ,NЈ-tetramethylethylenediamine]), which was prerun for 1 h at 30 V. Each gel was run at 300 V for 2 to 3 h and then exposed to Kodak BioMax film for 10 to 20 h at Ϫ80°C in the presence of an intensifying screen.
Microarray data accession number. The complete UA159 and GMS584 microarray data sets have been deposited in the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number GSE10215 (19) .
RESULTS
Microarray studies. We used a microarray platform to reveal the S. mutans transcriptome and identify gene expression patterns that are manganese and SloR responsive. In light of Table 2 ). The functional classification for S. mutans manganese-and SloR-responsive genes is represented in Fig. 1 , with the majority of the genes being hypothetical. Also prevalent, however, are genes whose products mediate cellular processes, such as oxidative stress tolerance, signal transduction, amino acid biosynthesis, and energy metabolism. We focused our investigation on a subset of genes belonging to these diverse functional classes, all of which encode products that are important to S. mutans-induced caries formation, are SloR modulated in the presence of manganese, and/or are preceded by a predicted SloR recognition element (SRE).
SRE identification throughout the S. mutans genome. MEME analysis (12) revealed a 22-bp palindromic motif in the promoter regions that precede a plethora of S. mutans virulence genes, including sloABCR, gcrR, sod, spaP, ropA, and comD and -E, all of which we showed to bind SloR directly (19, 35) . The motif that the algorithm recognized in the sloABCR promoter region is identical to that reported previously by Kitten et al. (27) and conserved across sloABC homologues in other streptococcal species. All six conserved motifs were used to build a 4-by-22 position-specific scoring matrix (PSSM) which was subsequently used to scan the intergenic regions in the S. mutans UA159 genome for additional interrupted palindromes by using PROMSCAN (42) and MAST (11) . The collective results of both searches revealed a total of 273 SREs that reside within the IGRs of S. mutans and that precede a total of 204 unique genes. Herein, we present a probability matrix for the 22-bp SRE motif that derived from these analyses to reflect the likelihood that a given nucleotide will occur at each position within the predicted SloR binding sequence (Fig. 2) . The analysis identified all 6 input motifs, thus validating the application of PROMSCAN and MAST for SRE prediction. The algorithms did not reveal any SREs within the promoter region of the S. mutans recA gene, consistent with the results of EMSA that support the absence of a SloR binding motif at this locus and qRT-PCR experiments that reveal recA expression that is independent of SloR control (data not shown).
Validation of SloR-modulated gene expression. We performed qRT-PCR experiments to validate the SloR and/or manganese responsiveness of genes deriving from the microarray platform and falling within the intersects of the Venn diagram shown in Fig. 3 . The results of these experiments corroborate the microarray data shown in Table 2 and reveal expression profiles for the S. mutans pdh, tpx, citZ, bta, glgBCDA, and smu.217c genes that differ more than 2-fold in the wild-type UA159 strain and the isogenic SloR-deficient GMS584 mutant (Table 3) . Specifically, the pdh, citZ, glgBCDA, and smu.217c genes are subject to classical repression by SloR since their expression was derepressed in the SloRdeficient GMS584 mutant. In contrast, expression of the tpx and bta genes was decreased in GMS584, consistent with a gene-"activating" role for SloR in the wild-type UA159 strain. These findings implicate SloR as a bifunctional regulator of S. mutans gene expression with so-called class I genes, which are subject to SloR repression, and class II genes, which are upregulated by the metalloregulator.
SRE positioning is predictive of class I and class II gene regulation. We noted an interesting correlation between SloR regulation of S. mutans class I and class II genes and SRE positioning relative to the translational start site. Namely, the class I genes sloA, citZ, srlE, gbpC, and smu.217c all harbor SREs that localize within 50 bp of the ATG initiation codon and hence share overlap with the promoter regions for these genes ( Table 2) . Other class I genes, including those that comprise the glgBCDA operon, harbor a predicted SRE within the 5Ј end of their coding sequence. In contrast, the class II genes bta, tpx, gcrR, sod, spaP, ropA, and comE all harbor predicted SREs that localize ϳ100 to 300 nucleotides upstream of the translational start site ( Table 2 ). Taken together, these observations suggest a possible mechanism for bifunctional virulence gene regulation by the S. mutans SloR metalloregulator.
SloR binding to class I and class II promoter regions is direct. The S. mutans bta gene joins a list of other virulence gene loci previously characterized in our laboratory that are upregulated by SloR (19, 35) . To confirm direct SloR binding to the promoter-distal SRE that is located 167 bp upstream of the bta translation start site, and to substantiate a putative relationship between SRE positioning and class II gene regulation in this oral pathogen, we generated a 317-bp amplicon that harbors the bta SRE and a 155-bp deletion derivative that lacks the predicted SRE for subsequent EMSA experiments. Migration of the 317-bp amplicon was hindered in these experiments when the SloR-MBP fusion protein was present in the reaction mixture. This band shift was abrogated, however, when as little as 1.5-fold and as much as 3-fold cold bta competitor DNA was added. The band shift was also abrogated when an EDTA metal ion chelator was included in the reaction, consistent with the metal ion dependence of the SloR-SRE interaction. Migration of the truncated amplicon (designated bta-134) was not retarded by the SloR-MBP fusion protein however (Fig. 4) , consistent with SloR binding to the predicted SRE that is resident on the bta-296 amplicon and positioned promoter distal to the bta start site on the S. mutans chromosome.
Additional gel mobility shift experiments were performed with the promoter region of the class I gene smu.217c, which is subject to SloR repression. The smu.217c gene harbors a putative promoter-proximal SRE some 34 bp upstream of the ATG initiation codon. As little as 0.8 M and as much as 4.4 M SloR-MBP was sufficient to shift a 320-bp amplicon on which the smu.217c promoter region and its predicted SRE are resident (Fig. 5) . The addition of up to 3-fold cold competitor DNA to the reaction mixture abrogated the band shift. MnCl 2 , when added to an EDTA-containing reaction mixture at a molar ratio of 1.4:1, rescued the band shift that was otherwise abrogated upon addition of EDTA alone. These results suggest direct binding of SloR to a promoter-proximal SRE at the 
DISCUSSION
This report validates a significant role for manganese in the expression patterns of genes in the Streptococcus mutans genome, including genes that are required for virulence (1, 9, 35) . In addition, expression profiling of a GMS584 SloR-deficient mutant supports Mn-activated SloR as a global regulator of virulence gene control in this important dental pathogen. We recognize that some of the genes identified as both SloR and manganese responsive in the microarray platform may not be subject to direct regulation by SloR-Mn 2ϩ complexes and that there can be a high rate of false positives associated with these experiments. In addition, we acknowledge that other signaling molecules, such as iron, can bind and activate SloR, which could explain why there are fewer genes at the intersects of the microarray datasets than one might predict if manganese served as the only SloR cofactor. We performed real-time qRT-PCR to validate the microarray expression profiling data. In addition, we undertook an in silico analysis of the S. mutans UA159 genome to identify those SloR-modulated genes that are also associated with a SloR binding recognition element (SRE).
Among the virulence genes that derive from at least two of our three genome-wide analyses and so reside at the intersects of the Venn diagram shown in Fig. 3 are those that comprise the pdhABC locus. The pdhABC gene products are known to FIG. 1 . Genes belonging to the S. mutans SloR metalloregulome organized by functional class. Shown are the numbers of S. mutans genes that are Mn 2ϩ responsive, SloR regulated, and/or preceded by a predicted SRE, categorized by functional class. Most highly represented across all three of these genome-wide datasets are hypothetical genes, although genes that are involved in cellular processes, protein biosynthesis, transport, and energy metabolism are also prevalent. SloR seems to affect the most S. mutans genes across all 17 functional classes. AA, amino acid; PPNN, purines, pyrimidines, nucleosides, and nucleotides.
FIG. 2. Identification of SloR recognition elements (SREs) in S. mutans.
Shown is a probability matrix that was derived from the results of PROMSCAN (42) and MAST (11) searches of the S. mutans UA159 genome. The searches revealed 273 SloR binding palindromes that share significant nucleotide sequence similarity or identity, with a 4-by-22 position-specific scoring matrix (PSSM) generated as described in Materials and Methods. The degree of shading in each square corresponds to the probability that a given nucleotide occurs at that position in the SRE motif. The highest nucleotide probability at each position was used to generate the consensus SRE sequence that is shown below the matrix. function as intermediaries of S. mutans sugar and amino acid metabolism, and more recently, they have been implicated as playing a role in S. mutans aciduricity (29) . Specifically, these investigators describe an S. mutans pdhA mutant that is significantly less aciduric than its wild-type UA159 progenitor, and the results of qRT-PCR experiments support pdhA expression that is upregulated under conditions of acid stress. The S. mutans pdhABC genes are organized as an operon on the UA159 chromosome, and we present evidence to support class I-type repression of these genes by SloR. In fact, the impact of SloR on pdhA expression is among the most robust that we observed in our expression profiling experiments, with 4-fold derepression noted for the GMS584 SloR-deficient mutant. Although the class I repressible effect of SloR on pdhABC expression is consistent with our analysis that took place at the neutral pH, we were puzzled by the apparent absence of a recognizable SRE binding palindrome at this locus. We can attribute this (and other SloR-modulated genes listed in Table  2 that lack a recognizable SRE) to the low GϩC content of the S. mutans genome, which may preclude the identification of the SRE that is itself A/T rich. Alternatively, it is also possible that SloR binds to nonconsensus SREs or that some genes are targets of SloR-modulated small RNAs (sRNAs). In fact, we did identify several unique sRNAs in silico that reside in the intergenic regions (IGRs) of the UA159 genome and that harbor predicted SREs in their 5Ј untranslated regions (UTRs). We went on to cross-reference these sRNAs with the results of our expression profiling experiments to elucidate those IGRs that are actively transcribed and dependent on SloR and/or manganese for expression. We are presently investigating the role of three candidate sRNAs that we identified with TargetRNA analyses (43) .
The S. mutans citZ gene is also subject to class I-type repressible regulation by SloR (Table 2) . Its gene product is a citrate synthetase which participates in glutamate synthesis as part of the partial tricarboxylic acid (TCA) cycle in S. mutans. Glutamate biosynthesis has been implicated in the S. mutans stringent response to facilitate bacterial survival in the lower layers of the plaque biofilm where nutrients become limiting (18) . In this study, we report on the results of qRT-PCR experiments that reveal heightened citZ expression in the SloR mutant (Table 3) , consistent with class I-type repression at this locus in the wild-type strain. We also noted that citZ transcription, along with that of the adjacent citB and citC genes, was increased up to 7.5-fold in a manganese-limiting (0.1 M MnCl 2 ) SDM relative to its expression in the same medium supplemented with 10 M MnCl 2 (data not shown). These observations corroborate the results of the microarray platform and support class I-type repressible regulation of the S. mutans stringent response by a SloR-Mn 2ϩ complex. The SRE that is associated with the citBZC locus is positioned immediately upstream of the S. mutans citB gene and shares overlap with the citB start codon (Table 2) .
In previous reports, we describe S. mutans intracellular polysaccharide (IPS) accumulation encoded by the glgBCDA operon as a significant contributor to caries formation (38, 39) , given the ability of S. mutans to metabolize these glycogen-like storage polymers when exogenous dietary carbohydrates become limiting in the oral cavity, such as during periods of famine. Herein, we confirm S. mutans glg gene expression that is SloR dependent and subject to class I-type repression. In fact, from the more than 3,000 genes that we analyzed in the UA159 and GMS584 microarray platforms, the glgBCDA genes are among the most robust for differential expression. The results of qRT-PCR experiments corroborate these findings, with glgBCDA transcription that is upregulated 6-fold in the GMS584 SloR-deficient mutant relative to the wild-type level (Table 3 ). The identification of SloR as a class I regulator   FIG. 3 . Venn diagram of S. mutans genes that are subject to metalloregulation. The Venn diagram reveals the numbers of S. mutans genes that were identified in one or more of our genome-wide analyses. Only genes that were significantly manganese and/or SloR regulated (P Ͻ 0.05) and/or preceded by a predicted SRE are represented. We selected the S. mutans genes that reside at the intersects of all three analyses (shaded region) for further investigation because (i) many of them encode S. mutans virulence attributes (e.g., pdh, tpx, citZ, bta, and glgBCDA), (ii) they are manganese responsive, (iii) they are expressed differently in the wild-type UA159 strain and the GMS584 SloR-deficient mutant and hence are SloR-regulated, and (iv) they are preceded by a predicted SRE. For the PROMSCAN and MAST analyses of the SRE data set, we applied a PERL script to remove duplications. of S. mutans IPS accumulation is significant because the mobilization of these intracellular stores during periods of famine essentially extends the period of exposure of host tissues to organic acids well beyond mealtimes, thereby exacerbating tooth decay. SloR repression of the IPS-encoding glg genes makes sense during mealtimes when manganese is available as a corepressor and exogenous dietary carbohydrates are readily available for metabolism. In contrast, when Mn is depleted shortly after a mealtime but excess carbon prevails, the S. mutans glg genes become derepressed and the synthesis of carbon storage reserves is facilitated. Interestingly, several SREs are predicted at the glg locus (Table 2) , each localized within the coding sequence of genes that comprise the glgBCDA operon. Among the SloR-and manganese-responsive virulence genes that are subject to class II-type upregulation in S. mutans is tpx, which encodes a thiol peroxidase that acts as an antioxidant to convert toxic oxygen radicals into harmless by-products. Hydroxyl and peroxide radicals are major stressors for S. mutans in the plaque environment, and as a consequence, evolution has selected for an adaptive response that depends on antioxidants for S. mutans survival and pathogenesis (20) . In the present study, we confirm S. mutans tpx expression that is upregulated more than 2-fold in the SloR-proficient UA159 strain and downregulated in the GMS584 SloR-deficient mutant (Table 3) . We also noted increased tpx expression in UA159 cells grown in a manganese-replete (10 M MnCl 2 ) as opposed to a manganese-deplete (0.1 M MnCl 2 ) SDM (data not shown). The S. mutans tpx gene harbors a promoter-distal SRE ϳ154 bp upstream of the ATG initiation codon, consistent with class II-type upregulation by the SloR metalloregulator.
The consensus SRE palindrome that directs binding of SloR to these and other virulence gene loci on the S. mutans chromosome is presented in Fig. 2 . On the basis of the 204 predicted SREs that were derived from our genome-wide search FIG. 4 . SloR binds directly to the bta promoter region. The results of EMSA confirm a direct and specific interaction between the S. mutans bta promoter region and a SloR-MBP fusion protein. Specifically, a 317-bp amplicon that harbors 296 bp of upstream sequence relative to the bta start codon and the predicted promoter-distal SRE (a) was end labeled and mixed with up to 4.4 M SloR-MBP before the protein-DNA mixture was resolved on a nondenaturing polyacrylamide gel (b). Run in parallel was the naked 317-bp amplicon in the absence of the fusion protein. A 212-bp amplicon on which the recA promoter region is resident and a 310-bp amplicon that harbors the sloABC promoter region served as negative and positive controls, respectively. A band shift was evident in the sloABC and bta-296 reaction mixtures, indicating direct SloR binding to these SRE-containing amplicons. There was no observable shift of the recA negative control, which lacks a predicted SRE. There was also no band shift when the bta promoter region was incubated with MBP alone, supporting the interaction of the SloR portion of the fusion protein with the DNA binding site. Importantly, a bta amplicon of 155 bp that lacks the predicted SRE (a) was also not shifted by SloR-MBP, supporting a specific interaction between the SloR fusion protein and its target SRE, which is resident on the bta-296 amplicon. The addition of cold bta competitor DNA or EDTA (1.5 mM) to the sloABC and bta-296 reaction mixtures abrogated the band shifts, whereas the addition of manganese to the EDTA-containing mixture rescued the shift. These findings support both the specificity and the metal ion dependence for binding of SloR to an SRE that is located promoter distal to the class II gene bta.
of the S. mutans UA159 chromosome and the probability determination for nucleotide positioning within this consensus palindrome, we predict that the adenines at positions 2, 3, 4, and 7 and the thymines at positions 15, 16, and 18 to 21 are likely paramount for SloR-SRE binding. We are currently generating nucleotide substitutions at these positions to reveal their putative vulnerability to DNase I digestion in DNA footprinting experiments using a C-terminal His-tagged SloR fusion protein.
As noted above and in Table 2 , many of the SloR-repressible genes (class I) in S. mutans harbor predicted SREs that localize within 50 bp of the ATG initiation codon. In contrast, SloR upregulated genes (class II) have predicted SREs that localize ϳ100 to 300 bp upstream of the initiation codon. Based on these observations, we set out to investigate these SloR-modulated genes in EMSA to reveal whether binding of SloR to their promoter-proximal and -distal SREs is direct and extrapolative to class I/II gene regulation. We focused our analyses on the S. mutans smu.217c and bta genes that are SloR-modulated, preceded by promoter-proximal and -distal SREs, respectively, and subject to respective class I-and class II-type control.
The S. mutans bta gene is annotated as a putative bacteriocin transport accessory protein (Smu.1788c) (http://oralgen.lanl .gov) that shares more than 40% nucleotide sequence identity with bta genes from pneumococcus and group B streptococci. Bacteriocins are bacterial toxins with a narrow-spectrum killing capacity, and those that are elaborated by S. mutans can promote colonization of the tooth surface by inhibiting the growth of closely related bacteria in the plaque environment (32) . Bacteriocin transport can be mediated by type II secretion machinery, but in S. mutans, it is mediated by ABCtype transport systems (21) . The results of EMSA experiments presented in Fig. 4 support a manganese requirement for binding of SloR to a 317-bp bta promoter fragment, which harbors a predicted SRE that resides 167 bp upstream of the bta translation start site on the S. mutans UA159 chromosome. We observed no such binding to a truncated 155-bp bta promoter fragment, which does not harbor the predicted SRE. These findings support a correlation between class II-type transcriptional control and a promoter-distal SloR-SRE interaction that likely allows promoter access to RNA polymerase and subsequent transcription.
The Smu.217 locus harbors a gene cluster that occupies a 16.7-kb region on the S. mutans chromosome. In the present study, we noted that expression of smu.217c, the first gene in the cluster that encodes a hypothetical protein, is derepressed more than 4-fold in a GMS584 SloR-deficient mutant relative to the level for its UA159 wild-type progenitor. Hence, the result of SloR binding to the promoter-proximal SRE is class I-type repressible regulation of the smu.217 gene cluster. The promoter-proximal positioning of this SRE, some 34 bp upstream of the smu.217c start codon, likely overlaps regulatory sequences that direct the expression of this gene cluster, thereby precluding transcription. Additional gel mobility shift experiments support SloR binding to a promoter-proximal sequence at this locus that is both specific and metal ion dependent (Fig. 5) . These results also implicate SloR binding at promoter-proximal SREs as foretelling of class I-type repressible regulation.
Taken together, this work demonstrates that both transcriptional up-and downregulation can derive from the direct binding of SloR to promoter-associated SREs. This led us to propose a role for SloR as a bifunctional regulator of S. mutans gene expression, with SloR acting as a repressor when it binds to promoter-proximal SREs and as an activator when it binds to SREs at promoter-distal sites. Specifically, we propose that class I-type repressible regulation occurs when SloR binds to promoter-proximal SREs with high affinity and as a homodimer when manganese is available and that such binding leads to transcriptional repression upon blocking of promoter access by RNA polymerase. The high-affinity, homodimeric binding of SloR to SREs that localize downstream of the transcription start site could also lead to gene repression by impeding transcription elongation. This model is consistent with SRE positioning within the coding sequences of class I repressed genes that comprise the S. mutans glgBCD operon. For class II-type regulation, we predict that SloR binding to promoter-distal SREs occurs with lower affinity to stabilize the downstream RNA polymerase-promoter interaction and facilitate transcription. There is precedence in the literature to support these regulatory models in S. mutans. Namely, the DtxR metalloregulator in Corynebacterium diphtheriae, a homolog of SloR, is similarly bifunctional, with DtxR-mediated repression versus activation defined, in part, by the location of FIG. 5 . SloR binds directly to the promoter region of the Smu.217 gene cluster. To determine whether the SloR fusion protein binds directly to the Smu.217c promoter region, EMSA experiments were performed with a 320-bp end-labeled amplicon on which the proposed promoter-proximal SRE is resident. The mobility of this amplicon was retarded by the SloR-MBP fusion protein when resolved on a nondenaturing polyacrylamide gel. The band shift was abrogated when up to 3-fold cold competitor DNA or EDTA (1.5 mM) was added to the reaction mixture. The addition of excess Mn 2ϩ (2.1 mM) to the EDTAcontaining mixture rescued the band shift. These findings confirm direct SloR binding to the Smu.217c promoter region that is manganese dependent and uphold a correlation between class I gene regulation in S. mutans and a SloR-SRE interaction that is promoter proximal.
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on July 9, 2017 by guest http://jb.asm.org/ the DtxR binding site relative to the transcription start site of the DtxR-regulated gene (15) . Transcription factors in Escherichia coli also function as repressors when the DNA binding protein binds to a promoter-proximal sequence and as activators upon binding to sequences that localize further upstream of the transcription start site (10, 30) . The work of Babu and Teichmann (10) extends the model for class I-type regulation to include binding sites that localize well downstream of the transcription start site. By and large, the mechanistic details that underlie bifunctional regulation in these and other microbial pathogens remain largely unknown, however, and warrant further investigation. To confirm a role for SRE positioning in the bifunctionality of SloR regulation, we are currently monitoring S. mutans transcriptional fusions in a manganese-replete medium to reveal the putative impact of ectopic SREs on the promoter activity of class I and class II genes. In sum, this report underscores the importance of metalloregulation in S. mutans virulence gene expression and suggests potential mechanisms for bifunctional regulation by the SloR metalloregulator. In previous reports, we and others describe manganese as a necessary cofactor for SloR-DNA binding, which, in turn, can affect the expression of downstream genes (40) . This study presents the results of a genome-wide analysis of the SloR metalloregulome and the repertoire of genes that are subject to SloR and manganese control and preceded by a predicted SRE. Indeed, the expression of genes belonging to a diverse array of functional classes is affected by SloR, thereby supporting the SloR protein as a global regulator in S. mutans. Future work should more fully elucidate the details of the SloR-SRE interaction in this important oral pathogen, including the identification of critical amino acids that affect SloR binding specificity and affinity. Whether increasing concentrations of manganese bring on conformational changes in the SloR protein that can influence SloR binding to promoter-proximal and/or -distal SREs should also be explored. Accumulating evidence could reveal the SloR-SRE interaction as an appropriate target for rational drug design so that virulence gene expression in S. mutans may be constitutively repressed and the caries-forming process alleviated.
